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Summary
With the aim to examine its potential as a renewable resource to decontaminate polluted soils, electron microscopy
combined with X-ray microanalysis was used to investigate the localization of copper in Cannabis sativa grown
in hydroponic copper-rich culture. Cu was found to accumulate preferentially in the upper leaf epidermal cells; it
was also detected in spiculae and in abaxial trichomes too. Primary bast fibres seem to be not involved in copper
accumulation.
Abbreviations: SEM: Scanning Electron Microscopy; TEM: Transmission Electron Microscopy; EDX: Energy
Dispersive X-ray Microanalysis
Introduction
Soil and waters contamination with heavy metals is
nowadays a problem because of its implication in the
environment protection and human health. Many heavy
metals such as Cu, Zn, Ni, Co and Mn are essen-
tial trace elements in plants, but they become very
toxic at high concentrations. Others, such as Cd or
Pb, are not required for plant life (Riffaldi & Levi-
Minzi, 1989). The ability of some plants to absorb
and accumulate heavy metals make them suitable to
be considered as a possible solution to soil pollution.
Indeed, some plants species actively take up and ac-
cumulate metals to high levels in the aboveground
parts, far exceeding those detectable in the soil (Brooks,
1998). These plants are called hyperaccumulators, a
term introduced by Brooks et al. (1977) for plants
that accumulate more than 1 mg Ni per gram of dry
weight in their shoots in their natural habitats (Kup-
per et al., 2000). Threshold values have been used
to identify other metal hyperaccumulators, including
for instance 10 mg per gram of dry weight in the
shoots for Zn and Mn, or 1 mg/g for Co, Cu, Ni, As
and Se (see McGrath & Zhao, 2003). The technol-
ogy that employs plants in environmental restoration
is termed phytoremediation. Plants for phytoremedi-
ation are generally annual herbs, with a low or null
economic value and very little biomass. Recent ad-
vances however have been achieved, i.e. transferring a
bacterial mercuric reductase gene into an higher plant
(Liriodendron tulipifera spp.) and conferring mercury
resistance (Meagher, 2000). One of the goal is in fact to
combine phytoremediation with crops of commercial
interest or high biomass producers. In this study we
examined the ability of Cannabis sativa to tolerate Cu
salts. Hemp could be a good candidate for phytoreme-
diation for its very high biomass. Furthermore its fibres
can be used for clothes or paper or insulating materials
(Nature, 1996), while its seeds can serve as an excellent
source of oil for different uses due to the composition of
unsaturated fatty acids (Theimer et al., 1997). The aim
of this work was to investigate the ability of Cannabis
sativa plants to take up copper from a nutrient solu-
tion. The presence of Cu in leaves and stems by means
of electron microscopy and X-ray microanalysis was
investigated.
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Materials and methods
Plant material
Cannabis sativa variety ‘Fibranova’ was sown in 80 ×
20 × 16 cm pots (150 seeds per pot) containing com-
post moistened with deionized water. After 2 weeks
each seedling was transplanted in 16-cm diameter pots
(1 plant per pot). After 10 days plants were trans-
ferred in 16-cm diameter pots containing expanded clay
plunged in Hoagland (SIGMA) nutritive solution. To
find the threshold of tolerance in Cannabis sativa to
copper, this heavy metal was added as copper sulphate
(CuSO4) in seven different concentrations, 0.01, 0.1, 1,
2.5, 5, 7.5 and 10 mM, plus control. Plants were grown
in a controlled environment chamber, 22 ◦C temper-
ature, 16-h daylength with a photon flux density of
350 µmol s−1 m−2.
Scanning electron microscopy (SEM)
Leaves and stem samples collected from cultured plants
were fixed with 0.1 M phosphate buffered (pH 7.4)
5% glutaraldehyde for 3 h at 4 ◦C, dehydrated in a
graded acetone series, critical point-dried using a Po-
laron instrument (Watford, England). Specimens were
mounted on aluminium stubs, either carbon and gold
coated, and examined with a Philips XL-40 scanning
electron microscope, equipped with an X-EDS OX-
FORD Inca system for microanalysis.
Transmission electron microscopy (TEM)
Leaf samples from experimentally grown plants were
fixed for 3 h at 4 ◦C in 5% glutaraldehyde in a 0.1 M
phosphate buffer (pH 7). Fixation was carried out in
Figure 1. SEM micrograph of primary bast fibres of Cannabis sativa (a). The EDX spectrum (b) is taken from the area indicated by the square.
Copper is not detectable.
the presence of Na2S (1% w:v) for Cu2+ ions precip-
itation (Gonzalez-Chavez et al., 2002). After washing
in the same buffer, samples were post-fixed overnight
in 1% aqueous osmium tetroxyde (OsO4), dehydrated
in ethanol series at increasing concentrations, contain-
ing 1% sodium tio sulfate (Na2S2O3·5H2O), and em-
bedded in epoxy resin (Durcupan ACM -Fluka). Ultra-
thin sections were cut using a Reichert Jung Ultracut
E ultramicrotome, mounted on formvar-coated carbon
grids and observed in a Jeol JEM 2010, equipped with
a Link Inca 100 system for microanalysis.
Results
Assessment of toxicity threshold
Preliminary experiments were performed in hydro-
ponic conditions in order to establish tolerance and
toxicity threshold in Cannabis sativa to copper. Dur-
ing a 10 days Cu treatment (0.01, 0.1, 1, 2.5, 5, 7.5, 10
mM) the effect of the heavy metal was evaluated every
2 days. Plants grown on 1 mM CuSO4 did not show any
phytotoxicity symptoms, while dramatic toxicity was
observed when plants were grown on a 2.5 mM CuSO4
solution. On the basis of these observations, a 1 mM
threshold was chosen for subsequent experiments.
SEM analysis
SEM-EDX analysis was performed to localise copper
at tissue level in plants grown in hydroponic culture
plus CuSO4 1 mM. Analysis on stem cross-sections
revealed that copper seems to be excluded from the
stem. Particularly, copper was not detected by the
X-ray microanalysis in primary bast fibres (Figure 1a
and 1b). The examination of leaf cross-sections
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Figure 2. SEM micrographs from leaves of Cannabis sativa and re-
spective X-ray maps. (a–b) Cross-section showing upper epidermis
and palisade layer; (c–d) Cross-section showing a spicula on the
adaxial surface and trichomes on the abaxial one. X-ray maps indi-
cate copper distribution. (e) EDX spectrum from the epidermal area
in (a).
pointed out the upper epidermis as the main site for
copper accumulation (Figure 2a and 2b). Cannabis
sativa leaves possess both scattered non-glandular
hairs (calcified spiculae) and dense abaxial trichomes
(Figure 2d): X-ray maps evidenced that copper is
sequestered in both these epidermal cell types, tough
not preferentially (Figure 2e). Copper was evidenced
in the palisade layer to a lesser extent (Figure 2b).
TEM analysis
TEM-EDX analysis was performed on ultrathin sec-
tions of leaf specimens where Cu2+ ions had been temp-
tatively immobilised by Na2S. Palisade layers were in-
deed thoroughly examined, to check for the presence
and distribution of copper in living cell compartments.
Electron-dense deposits were distinctly observed
in the vacuoles (Figure 3a); moreover, very fine pre-
cipitates were seen at the cell junctions, mainly on
the middle lamella (Figure 3c), and in the chloroplasts
(Figure 3e). The EDX spectra generated from the re-
gions indicated by the squares in the figures (Figure 3b,
d, f) revealed the presence of copper in each of above
cell compartments.
Discussion
Sequestration of metal ions and metal-chelate com-
plexes is an important aspect of metal ion detoxification
in hyperaccumulator plants. Preferential accumulation
in the leaf epidermis, especially in the vacuoles, has
been demonstrated for Cd (Vögeli-Lange & Wagner,
1990) and for Zn (Vázquez et al., 1992; Küpper et al.,
1999). In a number of plant species there is evidence
that also trichomes could play a role in detoxification,
as found for Cd (Küpper et al., 2000; Ager et al.,
2002), Zn (Küpper et al., 2000; Zao et al., 2000) or
Pb (Martell, 1974). In the present study we observed
accumulation of Cu in upper leaf epidermal cells
sensu strictu; moreover, Cu was detected in spiculae
and in abaxial trichomes, that is in epidermal cell
types with widely developed cell wall and vacuole. No
traces of this metal was found in epidermal cells of
the stem (data not shown). Blamey et al. (1986) found
Mn accumulating in the basal part of the trichomes in
sunflower leaves. The authors suggest that trichomes
sequester excess of Mn from the surrounding tissues
and possibly secrete part of it.
Accumulation of metals in the epidermis is not an
universal character in plants. For instance Arabidop-
sis halleri accumulates Zn and Cd in the mesophyll
vacuoles and in the trichomes but not in “normal” epi-
dermal cells (Küpper et al., 2000; Zhao et al., 2000).
Kupper et al. hypotesise that a relationship exists be-
tween the size of the cell (and then of the vacuole) and
the ability of metal accumulation.
The pattern of Cu distribution seen in this study
is only apparently in contrast with the distribution of
heavy metals in Cannabis sativa documented by Linger
et al. (2002). Our analysis shows that primary bast fi-
bres are not involved in Cu accumulation, while Linger
et al found that all parts of hemp plants contained the
heavy metals Cd, Pb and Ni they tested, though the
highest concentrations were in the leaves. Since they
found also extremely different Cd, Pb and Ni accumu-
lation in different part of the plant this could suggest
that different mechanisms may operate for uptake and
accumulation of different metal species.
Accumulation of Cu was investigated by Lidon
and Henriques (1998) in Oryza sativa. They found
that vacuole did not appear to play a major role in
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Figure 3. TEM images of subcellular structures and their respective EDX spectra. (a–b) Vacuole in a palisade cell of a leaf. X-EDS spectrum of
the electron-opaque deposit in the rectangle shows a high copper peak. (c–d) Middle lamella. Electron-opaque dots are due to copper precipitation
by Na2S. The X-EDS spectrum shows the presence of copper in this domain. (e–f) Chloroplast of a palisade cell of a leaf. X-EDS spectrum was
generated in the area where very fine dark precipitates were observed; the presence of copper is shown.
the sequestration of excess of Cu in the shoot. In the
roots instead, vacuoles represent the main site for Cu
accumulation. Again different strategies may be op-
erating for dealing the excess of Cu in different plant
species, reflecting different functions of the structure(s)
involved.
EDX maps we obtained under TEM on leaf cross-
sections evidenced both intercellular and intracellular
Cu in palisade layers, suggesting that absorbed ions
follow symplastic as well as apoplastic route in C.
sativa leaves.
Neumann et al. (1995) in their work on Arme-
ria maritima found the presence of osmiophilic
precipitates in leaf vacuoles with high Cu contents,
but they hypotesised to be artefacts due to the fixation
procedure. Lidon and Henriques (1998) found similar
electron dense material adherent to the tonoplast in
leaf cells, and they doubted on the conclusions reached
by Neumann and colleagues. We support the position
of Lidon, as we found that a part of the absorbed Cu
was detected in vacuolar inclusions. In other plant
species Cu was found to be accumulated in the vacuole
by chelation with poly-hydroxy phenolic compounds
or phytochelatins (Ernst et al., 1992; Neumann et al.,
1995).
The processes of heavy metal uptake, accumula-
tion, distribution and detoxification have been studied
in a wide range of plant species (Clemens, 2001; Hall,
2002; Williams et al., 2000), however the mechanisms
involved are still only partially understood. Different
strategies for metal tolerance and accumulation, such
as binding to the cell wall or localisation in the apoplast,
may be involved (Vazquez et al., 1992; Krämer et al.,
2000). Organic acids also seem to play a role in heavy
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metal tolerance, transport or storage in plants; levels
of citric, malic, malonic and oxalic acids have been
correlated with elevated concentrations for example of
Ni or Zn in the biomass (Lee et al., 1978; Tolrá et al.,
1996) of hyperaccumulators. As plant vacuoles are a
major deposit for organic acids (Matile & Wiemken,
1976), an association between metals and organic acids
suggests the involving of vacuoles in metal detoxi-
fication (Boominathan & Doran, 2003). In our study
however the presence of copper was found within the
internal structure of chloroplast too. This leads to re-
flect that probably it does not exist a strategy for metal
detoxification in Cannabis sativa. Cannabis seems to
have not evolved a specific tolerance and accumula-
tion mechanisms, nevertheless it shows to have a con-
siderable potential for phytoremediation purposes. In
addition to the high biomass, hemp demonstrated to
possess the ability to transfer Cu from the root to the
shoot, one of the criteria that must be met to consider
a plant well suited for phytoremediation. Moreover the
fibres seem to be not affected by Cu contamination, at
least in hydroponic grown conditions, allowing them to
be collected and used with economical advantage. We
need to confirm these results with further experiments
in order to test the behavior of this promising yielding
crop in open field, and to validate the absence of cop-
per from the primary bast fibres also in these growth
conditions.
Acknowledgements
We gratefully acknowledge financial support from Mi-
PAF, for the “Canapa per fibra tessile: dalla produzione
alla utilizzazione” Project.
References
Ager, F.J., M.D. Ynsa, J.R. Dominguez-Solis, C. Gotor, M.A.
Respaldiza & L.C. Romero, 2002. Cadmium localization and
quantification in the plant Arabidopsis thaliana using micro-
PIXE. Nucl Instr Meth Phys Res B 189: 494–498.
Blamey, F.P.C., D.C. Joyce, D.G. Edwards & C.J. Asher, 1986. Roles
of trichomes in sunflower tolerance to manganese toxicity. Plant
Soil 91: 171–180.
Boominathan, R & P.M. Doran, 2003. Organic acid complexation,
heavy metal distribution and the effect of ATPase inhibition in
hairy roots of hyperaccumulator plant species. J Biotech 101:
131–146.
Brooks, R.R., 1998. Phytochemestry of hyperaccumulators. In: R.R.
Brooks (Ed.), Plants that Hyperaccumulate Heavy Metals, pp.
15–53. CAB International, New York.
Brooks, R.R., J. Lee, R.D. Reeves & T. Jaffre, 1977. Detection of
nickeliferous rocks by analysis of herbarium species of indicators
plants. J Geochem Exploration 7: 49–57.
Clemens, S., 2001. Molecular mechanisms of plant metal tolerance
and homeostasis. Planta 212: 475–486.
Ernst, W.H.O., J.A.C. Verkleij & H. Schat, 1992. Metal tolerance in
plants. Acta Bot Neer 41: 229–248.
Gonzalez-Chavez, C., Jan D’Haen, J. Vangronsveld & J.C. Dodd,
2002. Copper sorption and accumulation by the extraradical
mycelium of different Glomus spp. (arbuscular mycorrhizal
fungi) isolated from the same polluted soil. Plant Soil 240:
287–297.
Hall, J.L., 2002. Cellular mechanisms for heavy metal detoxification
and tolerance. J Exp Bot 53: 1–11.
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